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Introduction
Organogenesis is a fundamental process in animal development requiring the strict coordination of cell fate specification, intercellular signaling events, and morphogenetic changes among multiple cell types. Given the complexity of such a biological process, it is extraordinary that the genetic program necessary to achieve proper organogenesis can be under control of a small number of critical genes. For example, members of the Pax gene family play a central role in the development of organs as disparate as the skeleton and kidney, and are also co-opted in some cancer cells (reviewed in Lang et al., 2007; Robson et al., 2006) . Pax gene family members encode proteins containing DNA-binding domains -a full or partial homeodomain, and a paired domain (Czerny et al., 1993 ) -and thus they influence development by regulating the transcription of other genes. Understanding how these key regulatory genes influence organ development remains an important question.
Pax-6 has been well characterized for its role in eye organogenesis (reviewed in Gehring and Ikeo, 1999; Ashery-Padan and Gruss, 2001) . In Drosophila, loss of Pax-6/eyeless activity 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.01.007 results in a total absence of eyes (Quiring et al., 1994) . Similarly, Pax-6/Small eye mutant mice have small non-functional eyes (Hill et al., 1991) , and the human conditions aniridia, Peter's anomaly, and cataracts can result from various Pax-6 deficits (reviewed in Chi and Epstein, 2002) . Additionally, misexpression of eyeless in certain Drosophila tissues converts them into eye tissue (Halder et al., 1995) , indicating that Pax-6 can be sufficient to define eye organogenesis. These findings identified Pax-6 as a potential master control gene due to its robust ability to be both necessary and sufficient for eye development. Although more recent work has demonstrated that eye development is dependent upon a network of genes (Silver and Rebay, 2005) , Pax-6 remains a critical determinant for eye development.
Apart from eye development, Pax-6 has a broader role in the organogenesis of sensory and neural tissues. In vertebrates, it is critical for forebrain patterning (Stoykova et al., 1996) and proper generation of the nasal placode (Grindley et al., 1995) . In the eyeless nematode Caenorhabditis elegans, the Pax-6 gene functions in head neurons and in precursors to sensory mating organs of the male tail (Chisholm and Horvitz, 1995; Zhang and Emmons, 1995; Chamberlin and Sternberg, 1995) . These functions suggest that Pax-6 may have a conserved ancestral role in the development of sensory tissues, and examination of these alternate contexts can elucidate features of Pax-6 applicable to its broader role in sensory organogenesis versus those specifically adapted to eye specification and patterning.
Although there is a large body of work characterizing Pax-6 function, and recent genome-wide studies have identified downstream target genes (Jemc and Rebay, 2006; Ostrin et al., 2006; Nemeth et al., 2005) , much less is known about the regulatory pathways that generate the Pax-6 expression pattern. However, the powerful nature of Pax-6 activity as a sensory organ determinant indicates that it is critical for animals to precisely control the expression of this gene. Therefore, to fully understand how Pax-6 functions in different sensory organ contexts, it is necessary to describe the mechanisms establishing the gene's expression pattern. To this end, studies have begun to identify some cis-regulatory elements and signaling pathways regulating Pax-6 expression. Transgenic mouse experiments have revealed cis-regulatory modules that direct Small eye expression in a variety of tissues (Kammandel et al., 1999) , and genetic studies have implicated Fgf and Bmp signaling in Small eye lens expression (Faber et al., 2001) . Furthermore, facets of Pax-6 regulation have been evolutionarily conserved along with Pax-6 protein function. Regulatory sequences directing expression in different cell types of the eye are conserved between mice and flies (Xu et al., 1999) , as is the ability of Notch signaling to promote Pax-6 expression in these species (Onuma et al., 2002) . Despite these findings, the underlying regulatory logic employed by an organism to generate the Pax-6 expression pattern remains unclear.
The C. elegans male tail provides a relatively simple and powerful system in which to examine general features of sensory organogenesis. In the C. elegans male, four cells comprising the rectum, or hindgut, are specialized blast cells (Sulston et al., 1980) . They generate sex-specific post-embryonic cell lineages. Differentiation and morphogenesis of these tissues lead to the formation of sensory mating structures. Specifically, two cells, termed B and Y, contribute all the cells of the copulatory spicules and post-cloacal sensilla, respectively. These sensory organs function in the location of the hermaphrodite vulva, as well as in sperm transfer (Sulston et al., 1980; Liu and Sternberg, 1995) . Although less complex than the eye, development of these organs requires the coordination of multiple cell types for proper development and function. For example, the spicules are composed of neurons, glia-like sheath cells, and socket cells that secrete a chitinlike cuticle material that surrounds the nervous tissue. Examination of the critical genes that direct development of these sensory tissues may aid in a broader understanding of the underlying genetic logic employed by animals during organogenesis.
Pax-6 is a complex locus in C. elegans, producing one transcript coding for a protein with only a homeodomain (mab-18), and one transcript coding for a protein including both the homeodomain and a paired domain (vab-3; Chisholm and Horvitz, 1995; Zhang and Emmons, 1995; Cinar and Chisholm, 2004, Fig. 1B) . This work focuses on regulation of the vab-3 transcript. Previous work has demonstrated that pax-6/vab-3 mutant males exhibit abnormal B and Y cell lineages and that the spicules are severely reduced or absent in adults (Chamberlin and Sternberg, 1995, and unpublished) . Further, the defect causing this loss-of-spicule phenotype was found to result from a specification defect early in the precursor cell lineage. The B cell normally divides asymmetrically late in the first larval stage to produce a large anterior daughter (B.a), which goes on to produce all cells of the spicules, and a smaller posterior daughter (B.p), whose derivatives have no sensory function. A similar asymmetric division and adoption of distinct fates occurs in Y, with Y.p giving rise to the postcloacal sensilla. In vab-3(e648) males, the B.a cell adopts the fate of its sister cell, resulting in B.a or its daughters developing like B.p (Chamberlin and Sternberg, 1995) . This result demonstrates that, as in the case of eye development in other organisms, Pax-6 can function as a critical regulator of sensory organ identity in C. elegans.
In this study, we characterize the C. elegans vab-3 expression pattern within the male B and Y lineages. We demonstrate that the expression pattern is established by both positive and negative regulatory inputs. We show that the Abdominal B ortholog, egl-5, is necessary for vab-3 expression in the sensory organ precursors B.a and Y.p, as well as in other cells when genetic manipulation causes vab-3 to be ectopically expressed. We find that the vab-3 expression domain is limited by a Wnt signaling pathway, as well as by a transcriptional cascade involving another Pax transcription factor gene, egl-38. These results outline the regulatory logic that establishes pax-6/vab-3 expression in a set of sensory organ precursors.
Results

2.1.
A transcriptional reporter recapitulates the VAB-3 expression pattern in male sensory structure precursors Caenorhabditis elegans male mating is a complex behavior coordinated by several male-specific sensory structures (Liu and Sternberg, 1995) . This work focuses on the development of two of these sensory structures, the copulatory spicules and the post-cloacal sensilla. The copulatory spicules and post-cloacal sensilla are generated from precursor cells in the hindgut, termed B and Y, respectively (Fig. 1A) . These cells, along with two non-sensory precursor blast cells, F and U, do not divide in hermaphrodites. However, they all divide to produce a large number of offspring during male post-embryonic development. Previous work has shown that pax-6/vab-3 is expressed in, and required for normal development of, the B and Y cell lineages in males (Zhang et al., 1998; Chamberlin and Sternberg, 1995, and unpublished) . Due to the central role of Pax-6 in the development of sensory organs in animals, we set out to define the regulatory inputs for vab-3 in order to understand how its pattern of gene expression is established. We created a transcriptional reporter transgene that includes 4.7 kb upstream of the first exon, as well as the first two large introns of vab-3 ( Fig. 1B; Section 4) . Using this reporter, we created transgenic strains and observed expression patterns consistent with previous observations for VAB-3 protein (Zhang et al., 1998) . Both sexes bearing a vab-3::gfp transgene exhibit GFP expression in neuronal, and occasionally epidermal cell types in the head ( (Chisholm and Horvitz, 1995; Nishiwaki, 1999) . Neuronal function of vab-3 has not been well characterized, but VAB-3 protein expression has been observed in a variety of head neurons (Zhang et al., 1998) . Notably, our vab-3::gfp transgene is not expressed in any ray lineages (data not shown). This is consistent with the prediction that it does not report expression of the mab-18 transcript. mab-18 encodes a paired domain-less PAX-6 isoform, and utilizes a transcriptional start site and enhancers internal to the pax-6 locus and downstream (3 0 ) from the sequences contained within our reporter (Fig. 1B; Chisholm and Horvitz, 1995; Zhang and Emmons, 1995; Cinar and Chisholm, 2004) .
To understand how C. elegans pax-6/vab-3 expression is regulated in sensory precursors, we focused on the sex-specific expression of vab-3::gfp in the male hindgut. Consistent with antibody studies (Zhang et al., 1998) , we found vab-3::gfp expression is visible in the B.a and Y.p cells beginning in early L2 ( Fig. 1E-G) . Expression levels among individual cell types derived from these precursors are not appreciably different through mid L3. In the B.a lineage, GFP persists through larval development. Expression diminishes during late L4 tail morphogenesis, and is absent in adults. Expression in the Y.p lineage shows a distinct temporal pattern. GFP in the Y.p lineage diminishes from mid L2 through mid L3, at which time only the eight B.a descendants exhibit expression ( Fig. 1H-J) . Interestingly, the timing of GFP loss in both lineages is roughly coincident with the timing when the cells undergo initial differentiation, suggesting vab-3 may be important for the fate specification process, but not maintenance of the differentiated state.
2.2.
A transcriptional cascade restricts vab-3 expression within the male hindgut Mutations in several genes that affect hindgut and male tail development have been identified. Among them are mutations in lin-48 and egl-38 (Chamberlin et al., 1999) . lin-48 encodes a zinc finger transcription factor that is expressed in, and required for, the proper development of cells in the mid-hindgut (Chamberlin et al., 1999; Johnson et al., 2001) . In lin-48 males, cells from the presumptive U cell lineage generate spicule cuticle, indicative of an abnormal production of socket-like cells normally generated by the B.a lineage (Jiang and Sternberg, 1999; Chamberlin et al., 1999) . Prior genetic analyses have utilized hypomorphic lin-48 alleles. In this study, we used the previously reported missense allele lin-48(sa469) (Chamberlin et al., 1999) , as well as lin-48(gv4), thought to be a genetic null. This allele bears a small deletion and is predicted to produce a protein with no LIN-48 activity (M.W. Krause, unpublished communication). egl-38 codes for a Pax-2/5/8 protein (Chamberlin et al., 1997) , and EGL-38 directly activates lin-48 hindgut expression (Johnson et al., 2001) . Like lin-48, egl-38 is required for the appropriate cell fate of several hindgut cell types. Development of the presumptive U lineage is abnormal in egl-38(sy294) males. However, adults exhibit crumpled spicules rather than the ectopic spicule material phenotype seen in lin-48 mutants (Chamberlin et al., 1997) .
To assess the relationship between lin-48, egl-38, and vab-3 during male tail development, we scored vab-3::gfp expression in mutants. In lin-48 mutant males, we found that the vab-3::gfp transgene is ectopically expressed in the presumptive U cell and its offspring ( Fig. 2A and B) . Early in the L2 stage, GFP expression in the U cell is infrequent, but becomes more robust as development proceeds. By mid-L3, roughly half of males show this ectopic expression event, approaching the percentage of lin-48 mutant adults that generate ectopic cuticle-producing socket cells (Chamberlin et al., 1999; Jiang and Sternberg, 1999) . Thus one function of lin-48 is to restrict vab-3 expression from the U cell lineage.
Introduction of vab-3::gfp into an egl-38 mutant background also resulted in inappropriate GFP expression in the presumptive U cell and its offspring ( Fig. 2C and D) . This was expected, as egl-38 is required for lin-48 expression in the U cell (Johnson et al., 2001 ). However, comparison of the egl-38(sy294) ectopic expression phenotype to that of lin-48 mutants revealed that the proportion of males affected was distinct. Fewer egl-38 mutants were observed with ectopic vab-3::gfp expression, and this expression appeared to be more frequent in younger animals, in contrast to the lin-48 mutant males. We constructed an egl-38; lin-48 double mutant strain to further investigates the relationship between lin-48 and egl-38 with respect to vab-3 transcriptional repression. We found that the double mutants display an intermediate phenotype, rather than a strict epistatic relationship. Fig. 2E summarizes the transgene expression differences observed between these genotypes.
Reassessing the vab-3 transcription data in terms of temporal expression pattern, the distinction between egl-38 and lin-48 mutants becomes more apparent (Fig. 2F) . As development progresses from a time point where B.a is undivided (late L1) to the point there are eight B.a descendents (late L2 through mid L3), the proportion of lin-48 mutant males transcribing vab-3::gfp in the U cell lineage increases considerably. During the same period, the percentage of ectopically expressing cells in egl-38 mutant males remains relatively static. Double mutants exhibit a complicated vab-3::gfp expression phenotype. GFP expression levels reflect that seen in egl-38(sy294) males at the earliest time point, but rise to levels exceeding that of either single mutant during intermediate time points. At the time when B.a has produced eight progeny, the frequency of expression in U-derived cells has dropped back to a level more similar to that of egl-38(sy294) single mutants. We conclude that although lin-48 expression is dependent on egl-38 (Johnson et al., 2001) , the double mutant phenotype does not suggest a strict epistasis with respect to vab-3 expression. Since we used a presumed null allele of lin-48 for the double mutant analysis, we interpret that the intermediate phenotype does not result from resid-ual activity associated with this downstream gene. Consequently, we conclude that egl-38 influences vab-3 repression in the U cell through two mechanisms: a lin-48-dependent mechanism, and a lin-48-independent mechanism.
2.3.
Wnt signaling restricts vab-3 transcription within the B lineage During C. elegans development, Wnt signaling orchestrates many cell polarities and asymmetric cell divisions, including the first division of the male B cell (reviewed in Herman, 2002) . Normally, the first division of B in wild-type males generates daughter cells distinct in both size and cell fate. When animals are mutant for the frizzled receptor gene, lin-17, B cell polarity is lost, cytokinesis of B is symmetric, and both daughters of B adopt a B.a-like cell fate (Sternberg and Horvitz, 1988) . Unlike lin-17(n671) males, the B cell of lin-44/Wnt mutants divides asymmetrically, but does so in a reversed orientation, resulting in a posterior B.a-like daughter and an anterior B.p-like daughter (Herman and Horvitz, 1994) . Although why the receptor and the ligand mutants exhibit different phenotypes continues to be an area of investigation, the mutant analysis demonstrates that both genes are important for establishing proper orientation of B cell division and daughter cell fate.
As vab-3 is required for proper B.a fate, and Wnt signaling is necessary for suppressing a B.a-like fate in the presumptive B.p cell, we tested the possibility that vab-3 may be transcriptionally repressed in the posterior daughter of B as a result of Wnt signaling. Examination of vab-3::gfp expression in lin-17(n671) and lin-44(e1472) mutant animals revealed ectopic vab-3 expression in the posterior daughter of B. Specifically, GFP can be observed in both daughters of B in lin-17(n671) males (Fig. 3A and B) , while expression in lin-44(e1472) males is frequently observed in the posterior daughter and its offspring only ( Fig. 3C and D) . Transcription in these altered lineages is generally maintained throughout larval development, similar to transcription in a wild-type B.a lineage (data not shown). Fig. 3E illustrates the correlation between vab-3 expression and cytokinesis in these mutants. When males of each genotype are grouped according to B cell polarity and asymmetry of cytokinesis (see Section 4), the majority of animals exhibit a strong coincidence of vab-3::gfp expression and B.a-like cell fate. We conclude that vab-3 transcription is negatively impacted by Wnt signaling, and that it is tightly associated with the B.a cell fate, consistent with the requirement for vab-3 activity in spicule development.
2.4.
vab-3 expression in the male tail requires the HOM-C gene egl-5
The experiments thus far have elucidated some of the genetic mechanisms acting to restrict vab-3 transcription to two blast cell lineages of the male tail. However, in order for these pathways to limit vab-3 expression to these sensory organ precursors, we reasoned that there must exist some genetic activator of vab-3 transcription. A primary candidate for such transactivation potential was the egl-5 gene, which encodes a HOM-C protein orthologous to Drosophila Abdominal B (Chisholm, 1991; Chow and Emmons, 1994) . As with HOM-C genes in other species, egl-5 is expressed in the posterior region of the worm body, and is required for proper development of, among other cells, the male-specific blasts of the hindgut. In egl-5 mutant males, B and Y both undergo their first division at the appropriate time and in the proper axis orientation. However, the asymmetric cytokinesis of B is frequently lost (Fig. 4A and B) . We did not assess the cytokinesis phenotype of Y in this mutant background. The resulting lineages of both B and Y are abnormal, and do not resemble the wild-type lineages of neighboring or sister cells (Chisholm, 1991; Ferreira et al., 1999) .
egl-5(n486) males display a fully-penetrant loss of spicule phenotype. We utilized the vab-3::gfp transgene to assess the influence of egl-5 activity on vab-3 expression. In contrast to wild-type, vab-3::gfp expression does not initiate in the tail of egl-5(n486) mutants, and is absent from the B and Y cell lineages ( Fig. 4C-F) . The transgene expression pattern among neuronal cells of the head is unaltered, however, confirming the presence of the transgene in the animals. This result indicates that the HOM-C gene is necessary to promote the expression of vab-3 in the B.a and Y.p lineages.
Ectopic vab-3 expression in non-sensory organ precursors requires egl-5
Although normal expression of vab-3 in B.a and Y.p is lost in egl-5(n486) mutants, we have found additional genetic 
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pathways act to repress vab-3 transcription outside of these sensory precursor cells. This led us to ask whether the ectopic transcription exhibited in the transcription factor and Wnt signaling mutants also requires egl-5 activity. Strains carrying either lin-48(gv4), egl-38(sy294), or lin-17(n671) in combination with egl-5(n486) were constructed. In all double mutants, no GFP expression was observed in the hindgut region (Table 1) . These experiments indicate that the ectopic vab-3 expression in the U and B.p lineages, just as in the B.a and Y.p lineages, requires egl-5.
Discussion
A domain refinement model for establishment of pax-6/vab-3
The pax-6/vab-3 gene is expressed in a precise pattern of sensory organ precursor cells in the C. elegans male hindgut. We propose that this tight regulation is established through refinement of a broad expression domain. We have found both positive and negative regulatory inputs controlling the expression of vab-3 (Fig. 5) . A HOM-C gene, egl-5, allows for the activation of vab-3 expression in multiple cells in the hindgut region. In cells that normally are not sensory organ precursors, this activation is overridden by repressive inputs. We have identified two of these inputs: a transcriptional cascade for one cell (U) and a Wnt signaling event for another (B.p). egl-5 expression is widespread among cells in the posterior body region of the worm (Ferreira et al., 1999) , and it is plausible that egl-5 has the capacity to promote vab-3 throughout its expression domain. The implication of this is that additional genetic pathways that act to repress vab-3 expression remain to be identified. How widespread the mechanism of domain refinement in the transcriptional regulation of master regulators like Pax-6 is unknown. Given the apparent conservation of genetic mechanisms surrounding Pax-6 gene regulation, we speculate that the Pax-6 expression pattern in other sensory organ systems is established through layered restriction of a broad domain of potential activation.
3.2.
pax-6/vab-3 transcription is observed in sensory organ precursor cells
We report here a transcriptional GFP reporter for the C. elegans pax-6 gene, vab-3. Expression in head hypodermis, her- maphrodite DTC's, and male tail sensory organ precursors is closely coincident with the tissues that require vab-3 function. The reliable expression of vab-3::gfp in the developing B.a and Y.p lineages makes it a useful reagent for the study of vab-3 regulation in these sensory organ precursor cells. Although the dynamics of GFP stability may not be the same as endogenous VAB-3, our results suggest that in both the B.a spicule lineage and the Y.p post-cloacal sensilla lineage, cessation of vab-3 expression precedes terminal differentiation of the tissue. There is accumulating evidence that Pax gene expression is closely associated with a progenitor cell state in various organogenic contexts. For instance, PAX-3 expression diminishes prior to initiation of the MyoD-directed differentiation program in mouse myoblasts (Williams and Ordahl, 2000) , and Pax-6 inactivation causes retinal progenitor cells to lose their pluripotency (Marquardt et al., 2001) . Furthermore, the undifferentiated, stem cell-like characteristic of cancer cells is often accompanied by abnormal expression of Pax factors in these cells (reviewed in Lang et al., 2007; Robson et al., 2006) . Our expression data suggests that vab-3 may have a progenitor maintenance function in the C. elegans male tail. Taken together, these results open up the intriguing question of whether the role of Pax genes in progenitor cells is a case of convergent evolution, or whether this function has been conserved across a broad range of metazoan species. 
3.3.
Regional induction of pax-6/vab-3 expression is mediated by the HOM-C gene egl-5
We found the HOM-C gene egl-5 is necessary for male hindgut expression of vab-3. egl-5 mutant males not only lack the endogenous vab-3 expression pattern, but also lose ectopic transgene expression in double mutants with the transcription factors and Wnt components we have examined. Our work demonstrates a second example of a HOM-C factor regulating expression of a Pax gene, as Yi and Sommer (2007) have shown that pax-3 expression is directly activated by Hoxd4/LIN-39 in the developing vulva of the nematode Pristionchus pacificus. Various studies have identified other types of interaction between Hox and Pax factors, as well. For example, Pax-6 binds and activates a CNS enhancer of Hoxd4 (Nolte et al., 2006) , and Hox11 acts in a complex with Pax-2 and Eya1 to regulate gene expression during early kidney development (Gong et al., 2007) . Together, these data suggest that animals have utilized HOM-C and Pax genes in a variety of cooperative ways during organ development.
3.4.
Negative regulatory inputs restrict pax-6/vab-3 transcription to sensory organ precursor cells: a transcriptional network
We have identified two independent regulatory pathways that restrict pax-6/vab-3 transcription to the sensory organ precursor cells. One pathway is a transcriptional cascade involving a Pax-2-related transcription factor, EGL-38, and a zinc finger protein, LIN-48. Ectopic expression of vab-3 in the presumptive U cell lineage in egl-38 and lin-48 mutants indicated that each of these factors can genetically repress vab-3 expression. The finding of ectopic vab-3 expression in lin-48 mutant males was particularly interesting, as socketlike cell types normally produced from the B.a lineage are derived from the U cell in these males (Chamberlin et al., 1999; Jiang and Sternberg, 1999) . This suggests that, in addition to the requirement for vab-3 activity in B.a to produce sensory structure cell types, vab-3 may be sufficient for generating sensory organ cell types in a non-sensory cell lineage. This would be analogous to the role of Pax-6 in the specification of eyes in other animals, where Pax-6 misexpression can cause ectopic eye formation (Halder et al., 1995) . Additionally, the finding that egl-38 restricts the expression domain of vab-3 has evolutionary implications. In the developing mouse nervous system, Pax-6 and Pax-2 engage in reciprocal inhibition of gene expression, helping to define the boundary between the optic stalk and optic cup (Schwarz et al., 2000) . This raises the possibility that Pax-2 repression of Pax-6 expression is an evolutionarily conserved mechanism of Pax-6 regulation.
We also observe a difference in temporal vab-3 misexpression in egl-38 and lin-48 mutants. In wild-type males, Y.p expresses vab-3 only through the second larval stage, while expression in the B.a lineage persists through larval development. Ectopic vab-3 expression can be observed in the presumptive U cell of young egl-38(sy294) males. However, expression is rarely observed prior to U cell division in lin-48 mutant males. Furthermore, expression of vab-3 in egl-38 mutants peaks in mid-L2 stage, and declines until GFP is no longer visible by early L3. In contrast, lin-48 mutants express vab-3 more robustly as the animal progress into the L3 stage and beyond. One attractive explanation for these differences is that the presumptive U cell of egl-38(sy294) males is transformed to a Y.p-like cell fate, while in lin-48 males it exhibits a B.a-like fate transformation. This interpretation is consistent with cell lineage and cell fate analyses of lin-48 and egl-38 (Chamberlin et al., 1997 (Chamberlin et al., , 1999 . We hypothesize that the expression phenotype of egl-38; lin-48 double mutants reflects a combination of gene expression changes reflecting both U-to-B.a and U-to-Y.p cell fate transformations. Since the egl-38; lin-48 double mutants do not recapitulate the lin-48 mutant phenotype, we interpret that egl-38 does not only influence vab-3 expression through its effect on lin-48. As lin-48 is the only known target for EGL-38 in the hindgut, it is unclear whether lin-48-independent regulation of vab-3 involves direct repression of vab-3 by EGL-38, or if there are other transcription factors that might mediate this egl-38 function.
3.5.
Negative regulatory inputs restrict pax-6/vab-3 transcription to sensory organ precursor cells: Wnt signaling
We have found that a second regulatory pathway that restricts pax-6/vab-3 expression and the sensory organ precursor cell fate is a Wnt signaling pathway. Several components of a Wnt signaling pathway have been found to influence the asymmetric division of the male B cell (Wu and Herman, 2007) . The mutants with the most severe disruption of normal B cell asymmetry are mutants in the Wnt ligand-encoding gene, lin-44, and the Frizzled-type receptor gene, lin-17. Our results show that in these mutants, vab-3 expression correlates with a B.a-like cell fate. Many additional proteins participate in the asymmetric B cell division, including non-canonical Wnt pathway components such as RHO-1/ RhoA and LET-502/ROCK (Wu and Herman, 2006) . The mechanism by which Wnt signaling impacts vab-3 expression remains unclear. It is possible that the TCF/LEF transcription factor POP-1 directly mediates the observed transcriptional repression. Alternatively, the vab-3 expression decision may be strictly dependent upon B cell polarity, and therefore, alterations in the vab-3 expression pattern may reflect the altered B cell polarity observed in Wnt signaling mutants.
The B.a-to-B.p cell fate transformation in vab-3 mutant males suggests that B.p is the default epithelial state of a B cell daughter. More generally, we can say that pax-6/vab-3 modifies the B.a cell to become a sensory organ precursor. Mutant phenotype data indicate that Wnt signaling acts to inhibit the organ precursor state in favor of the default state. Consistent with this idea, the LIN-44 protein is produced in the posterior of the animal, nearer the daughter that will adopt the default cell fate (Herman et al., 1995) . Interestingly, Wnt-mediated repression of Pax-6 expression also occurs in the fly eye (Pichaud and Casares, 2000; Bessa and Casares, 2005) , although there are clear mechanistic differences in comparison to C. elegans B cell regulation. In each case, however, Pax-6 activity, which can induce a sensory organ-specific developmental program, is spatially limited through a transcriptional boundary established by directional Wnt signaling.
Our work also illustrates how egl-5 and the Wnt pathway can function together differently in different cells in C. elegans. For example, in the nearby ventral blast cells P11.p and P12.p, Wnt and EGF signaling converge to activate egl-5 expression in the presumptive P12.p, thereby preventing it from adopting the P11.p fate. egl-5 and Wnt mutants display the same developmental defect, a P12-to-P11 fate transformation (Jiang and Sternberg, 1998; Maloof et al., 1999) . In the B cell, however, egl-5 and lin-17 mutants display opposite phenotypes. Whereas lin-17(n671) males generate two B.a-like daughters, egl-5(n486) males generate two daughters more like B.p. We suggest that egl-5 may be necessary to specify the B cell fate, and that Wnt acts to pattern B cell division, rather than controlling egl-5 activity itself. In the case of egl-5(n486); lin-17(n671) double mutants, for instance, the loss of vab-3 repression in B.p is masked, as the cells are not competent to transcribe vab-3. A similar relationship between Wnt and HOM-C genes is observed in another asymmetric cell division in the C. elegans tail, the T cell. In the T cell, an egl-5 paralog, nob-1, is necessary for expression of a fate determinant (psa-3) in the T lineage, and Wnt signaling controls asymmetric psa-3 expression between daughter cells (Arata et al., 2006) . Altogether, it is clear that HOM-C genes and Wnt signaling can function together in different ways, depending on the specific developmental decision.
3.6.
Implications for the regulatory logic controlling pax-6/vab-3 gene expression
We have characterized regulatory inputs into Pax-6 transcription in sensory organ precursors in C. elegans. We uncover a domain refinement mechanism that underlies the precise expression pattern for pax-6/vab-3. Our findings support the idea that facets of the regulatory network governing Pax-6 expression are shared amongst species. Whether this shared regulatory logic arises from conservation of cis-element -trans-acting factor interactions, or is a case of convergent evolution of genetic regulations, these pathways are clearly of widespread importance in the control of Pax-6 expression during sensory organogenesis. Is this a feature specific to Pax-6, or something more generally true of Pax gene regulation in other organogenic processes? Have cancer cells expressing Pax factors overcome multiple repressive inputs in order to express these factors and maintain an undifferentiated, anti-apoptotic state? As evidence highlighting the key role for Pax-6 and other Pax genes in organogenesis and pathology accumulates, these will be important questions to address.
4.
Materials and methods
Genetic strains and strain construction
Caenorhabditis elegans strains were cultured under standard conditions (Brenner, 1974) . All experiments were done at 20°C. The strain DR466 him-5(e1490) was used as wild-type control in all experiments. The following mutations were used: Linkage Group I (LGI): lin-17(n671), lin-44(n1792); LGIII: lin-48(sa469), lin-48(gv4), egl-5(n486), unc-119(e2498); LGIV: egl-38(sy294); LGV: him-5(e1490); LGX: vab-3(e648). Additional genetic information is available at http://www.wormbase.org.
To transfer the vab-3::gfp reporter transgene, guEx356, into mutant backgrounds, we began with animals carrying unc-119(e2498) and him-5(e1490) in addition to the mutation of interest. These Uncoordinated (Unc) hermaphrodites were mated to CM549 males, non-Unc F1 hermaphrodites were selected and allowed to self-cross. F2 hermaphrodite offspring exhibiting the relevant mutant phenotype were selected and used to establish the transgene-bearing mutant strains.
All double mutants were created using the following basic strategy. Construction of the lin-17(n671); egl-5(n486) strain is used as an example. CM549 males were mated to lin-17(n671); unc-119(e2498); him-5(e1490) hermaphrodites. Non-Unc cross-progeny males were then mated to egl-5(n486); unc-119(e2498); him-5(e1490) hermaphrodites. The resulting non-Unc progeny were picked individually and allowed to self-cross. Plates were assessed for appearance of animals with the lin-17 Bivulva (Biv) phenotype, and those hermaphrodites were again individually plated. Animals from the following generation were allowed to reach adulthood, and individuals displaying the egl-5 Egg-laying defective (Egl) phenotype were then chosen as founders for the double mutant strain with the full genotype: lin-17(n671); unc-119(e2498); egl-5(n486); him-5(e1490); guEx356.
Microscopy
Nomarski DIC microscopy was performed, as described previously (Sulston and Horvitz, 1977) . Briefly, larvae were mounted on an agar pad containing sodium azide, and their hindgut blast cells were viewed under incident and ultraviolet light to analyze anatomy and GFP expression, respectively. Qualitative expression differences between cells and between genotypes were observed. However, any cell displaying visible GFP fluorescence was scored as positive. Relative nuclear size of the two B cell daughters was utilized to determine the symmetry/asymmetry of cytokinesis. This simple measure was used, as we find cell size and fate differences to be highly correlated (data not shown). All anatomy was observed and photographed using a Zeiss Axioskope (Carl Zeiss, Inc.) equipped with Spot-RT CCD camera and software (Diagnostic Instruments, Inc.).
4.3.
vab-3::gfp construction and expression
The vab-3 transcriptional GFP reporter plasmid pAJ51 was created in two steps. A 1.0-kb PstI-BamHI PCR fragment spanning portions of intron 2 and exon 3 was cloned into the GFP reporter pPD95.70 (kind gift from A. Fire). Next, a 13.2-kb PstI fragment of the cosmid F14F3 corresponding to 4.7-kb of upstream sequence through intron 2 was subcloned into the PstI site used in the previous step. Restriction enzyme digests were used to confirm the presence and orientation of the insert.
Transgenic strains were created by standard germline transformation methods (Mello et al., 1991) , with a modification to produce more stable expression. Low-copy, high-complexity extrachromosomal arrays were generated by injection of excess genomic carrier DNA with the transgene (Kelly et al., 1997) . Specifically, linearized pAJ51 (15 ng/ll) was co-injected with linearized unc-119(+) transformation marker pDP#MM016 (Maduro and Pilgrim, 1995 ; 1 ng/ll) and PvuII-digested yeast genomic DNA (300 ng/ll) into unc-119(e2498); him-5(e1490). We isolated transgenic strains CM549 and CM550 containing the arrays guEx356 and guEx357, respectively. GFP expression patterns were identical for both transgenic lines, and guEx356 was chosen for use in expression analyses. The stability of guEx356 transmission was assessed by counting the number of transgene-bearing offspring in the broods of several hermaphrodites. We find that 82.4% of the offspring from 8 unc-119(e2498); him-5(e1490); guEx356 hermaphrodites, and 78.9% of the offspring from 9 egl-5(n486) unc-119(e2498); him-5(e1490); guEx356 hermaphrodites, retain the transgene.
